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Ubiquitin-like Protein Hub1 Is Required
for Pre-mRNA Splicing and Localization
of an Essential Splicing Factor in Fission Yeast
with defects in cell cycle control. Interestingly, Hub1
proteins from different species display more sequence
identity than any other family of ubiquitin-like proteins,
with 74% identity existing between fission yeast and
human Hub1 sequences. The null allele could be res-
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240 Longwood Avenue cued by cDNAs encoding either S. pombe, human, or
budding yeast Hub1, indicating that the essential func-Boston, Massachusetts 02115
2Cancer Research UK tion of Hub1 is conserved evolutionarily (data not
shown).Paterson Institute for Cancer Research
Christie Hospital NHS Trust A temperature-sensitive allele of hub1was also gener-
ated. The hub1-4 allele is a M70K missense mutationWilmslow Road
Manchester M20 4BX that results in growth at the permissive temperature of
30C but does not form colonies at temperatures of 32CUnited Kingdom
3Department of Genetics and Medicine and above (Figure 1A). Cultures of hub1-4 cells did not
increase in cell number upon shift to 36C, indicating aUniversity of Washington
Box 357360 first cycle arrest (Figure 1B, left). However, the cells
continued to grow as shown by an increase in cell massSeattle, Washington 98195
(Figure 1B, right). These cells became elongated but not
to the extent that some cdcmutants do, suggesting that
there might also be defects in cell growth (Figure 1E).Summary
Upon shifting to 36C, the hub1-4 cells appeared to
undergo an initial G2 arrest as the numbers of binucleateHub1/Ubl5 is a member of the family of ubiquitin-like
and septated cells dropped. However, upon prolongedproteins (UBLs) [1, 2]. The tertiary structure of Hub1
incubation, the cells leaked through this block and accu-is similar to that of ubiquitin [3, 4]; however, it differs
mulated as binucleate, septated cells (Figures 1C andfrom known modifiers in that there is no conserved
1D), a finding that is consistent with defects in cell sepa-glycine residue near the C terminus which, in ubiquitin
ration (data not shown).and UBLs, is required for covalent modification of tar-
In order to investigate the role of the C-terminal dityro-get proteins. Instead, there is a conserved dityrosine
sine motif, mutations were made in the hub1 cDNA andmotif proximal to the terminal nonconserved amino
their ability to rescue the lethality of the null mutant wasacid. In S. cerevisiae, high molecular weight adducts
examined. Surprisingly, the hub1 cDNA lacking one orcan be formed in vivo from Hub1, but the structure of
both of these tyrosines was still able to rescue the nullthese adducts is not known, and they could be either
allele, and cells containing the cDNA lacking both tyro-covalent or noncovalent [1, 5]. The budding yeast
sines grew at the same rate as those containing thewild-HUB1 gene is not essential, buthub1mutants display
type cDNA (Figures 1F and 1G). Deleting more residuesdefects inmating [1]. Here, we report that fission yeast
upstream of the dityrosinemotif abrogated complemen-hub1 is an essential gene, whose loss results in cell
tation. Furthermore, mutation of the tyrosines to severalcycle defects and inefficient pre-mRNA splicing. A
other combinations of amino acids still resulted in com-screen forHub1 interactors identifiedSnu66, a compo-
plementation (Figure 1F). These data indicate that thenent of the U4/U6.U5 tri-snRNP splicing complex. Fur-
conserved dityrosine motif is not required for the essen-thermore, overexpression of Snu66 suppresses the
tial role of Hub1 in fission yeast.lethality of a hub1tsmutant. In cells lacking functional
To gain insight into hub1 function at the molecularhub1, the nuclear localization of Snu66 is disrupted,
level, a two-hybrid screen was performed, using con-suggesting that an important role for Hub1 is the cor-
structs derived from the S. cerevisiae HUB1 gene. Thisrect subcellular targeting of Snu66, although our data
bait was screened individually against almost everysuggest that Hub1 is likely to perform other roles in
open reading frame in the genome. Only one clone,splicing as well.
encoding Snu66, was identified in two independent
screens as binding strongly to Hub1. Snu66 was origi-Results and Discussion
nally identified in S. cerevisiae as a novel protein present
in the U4/U6.U5 tri-snRNP [6, 7]. This complex formsAs a first step toward characterizing hub1 in fission
an integral part of the pre-mRNA splicing machinery.yeast, we created a null allele and found that Sphub1
ScSnu66 and ScHub1 were found to interact veryis an essential gene. hub1 cells arrested as elongated
strongly in the two-hybrid assay (Figure 2A, left).cells, suggesting that loss of hub1 might be associated
A homolog of Snu66 exists in the fission yeast ge-
nome. It shares 24% identity with budding yeast Snu66.
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acted strongly in the two-hybrid system (Figure 2A, mid-10, 13092 Berlin, Germany.
dle). This interactionwas abrogated by the hub1-4muta-5Present address: Institute of Genetics, Forschungszentrum Karls-
ruhe, P.O. Box 3640, D-76021 Karlsruhe, Germany. tion (data not shown). Snu66 is also conserved in higher
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Figure 1. Loss of Fission Yeast hub1 Activity
through the hub1-4 Temperature-Sensitive
Allele, but Not Removal of the C-Terminal Di-
tyrosine Motif, Results in Cell Cycle Defects
(A) Wild-type and hub1-4 cells were streaked
to single colonies on yeast extract media and
incubated for 3 days.
(B) hub1-4 cells display cell cycle defects at
the restrictive temperature. Exponentially
growing hub1-4 cells were grown at 25C or
36C, and the numbers of cells (left) and cell
mass at an OD595 (right) were determined. The
closed and open squares indicate cells grow-
ing at 25C or 36C, respectively.
(C) The DNA content of hub1-4 cells growing
at 25C (t  0) or 36C for 6 hr and 9 hr was
determined by FACS analysis. The positions
corresponding to 2C and 4C content are indi-
cated.
(D) The percentage of binucleate (open
squares) and septated cells (closed squares)
were determined by staining cells with DAPI
or calcofluor, respectively, at various time
points after the shifting hub1-4 cells to 36C.
(E) hub1-4 cells grown at 25C and 36C for 8
hr were stainedwith DAPI and photographed.
The scale bar equals 10 m.
(F) hub1 cDNAs with either truncations () or
mutations at the C terminus were assayed for
their ability to rescue the hub1 null allele when
expressed from the nmt81 promoter in the
pREP81X vector in the absence of thiamine.
Wild-type growth is indicated by , no
growth by –, and growth that is slower than
wild-type by . The wild-type sequence of
the C terminus is 68-73: LEMYYS.
(G) 10 l of serial dilutions of the hub1 null
allele expressing either the wild-type hub1
cDNA, the 73 mutant cDNAs, or the 71-
73 mutant cDNAs from the nmt1 promoter in
pREP3X were plated on selective media and
grown for 4 days at 30C. The dilutions range
from 106 cells/ml to 103 cells/ml.
eukaryotes. The human SART-1 gene encodes a protein nies at 32C (Figure 2B) although not at the fully restric-
tive temperature of 36C. These data imply that the inter-that is 21% identical to S. pombe Snu66. Like Snu66,
SART-1 has also been found as a component of splicing action between Snu66 and Hub1may be defective in the
hub1-4 mutant cells and that overexpression of snu66complexes [8]. SART-1 interacted with UBL5, the human
homolog of Hub1, in the two-hybrid system (Figure 2A, compensates for this, resulting in partial suppression of
temperature sensitivity. Attempts to coimmunoprecipi-right). Taken together, these data indicate that SART-1
and SpSnu66 are the orthologs of ScSnu66 and that the tate Hub1 and Snu66 from S. pombe cells were not
successful, possibly because the interaction betweeninteraction between Snu66/SART-1 and Hub1/UBL5 is
widely conserved amongst eukaryotes. Hub1 and Snu66 these two proteins is transient or because antibody rec-
ognition of the complex is sterically hindered. It doeswere shown to interact directly by an in vitro binding
assay carried out with purified recombinant proteins not seem likely that Snu66 is covalently modified by
Hub1, as immunoprecipitation of Snu66 from cells that(see Supplemental Figure S1 available with this article
online). Based on these results, and on two-hybrid contained a tagged version of Hub1 did not allow for
the identification of a high molecular weight band corre-assays (data not shown), the region of Snu66 that is
required for interaction with Hub1 was localized to the sponding to a putative adduct (data not shown). The
budding yeast SNU66 gene is not essential for growth,N-terminal 107 amino acids.
To test whether the interaction between Hub1 and although snu66 cells display defects in splicing at low
temperatures [9, 10]. In contrast, we found thatS. pombeSnu66 is physiologically significant, we overexpressed
snu66 cDNA in the hub1-4 mutant. Overexpression of snu66 is an essential gene, the loss of which results in
defects in pre-mRNA splicing (Figure S2).the snu66 cDNA was partially able to rescue the hub1-4
mutant, as these cells acquired the ability to form colo- The interaction between Hub1 and Snu66 suggested
S. pombe hub1 Is Required for Pre-mRNA Splicing
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Figure 2. Hub1 Interacts Physically with
Snu66 and Genetically with Both snu66 and
Other Splicing Factors
(A) Two-hybrid assay to demonstrate binding
between Hub1 and Snu66. The coding se-
quences for Snu66 or Hub1 were fused to the
DNA binding domain of LexA (DBD) or the
activation domain of Gal4 (AD), respectively,
and transformed into a S. cerevisiae host
strain. Transformed colonies were patched
onto selective media and subjected to filter
lift -gal assays. Blue color indicates an inter-
action between bait and prey proteins. The
control reactions consist of either Hub1 or
Snu66 fused to the AD or DBD, respectively,
cotransformed into yeast with vectors con-
taining just the DBD or AD alone. The assays
were carried out using the hub1 and snu66
open reading frames from S. cerevisiae,
S. pombe, or humans as indicated. SART-1
and UBL5 are the human homologs of Snu66
and Hub1, respectively.
(B) Overexpression of Spsnu66 rescues the
hub1-4 mutant at 32C. hub1-4 cells trans-
formed with either pREP3Xsnu66, pREP3X-
hub1, or empty pREP3X vector were streaked
to single colonies on selective media lacking
thiamine for 5 days.
(C) The wild-type and prp8-1, hub1-4, and
prp8-1 hub1-4 mutants (top) and wild-type,
cdc5-120, hub1-4, and cdc5-120 hub1-4mu-
tants (bottom) were streaked to single colo-
nies on yeast extract media at 25C, 30C,
and 36C for 4 days.
that Hub1 could play a role in splicing. At the same time genes (Figure 3A, compare lanes 7 and 8). Sequencing
these products confirmed that they corresponded toas this study was being performed, results obtained via
the unspliced pre-mRNAs (data not shown). In contrast,mass spectrometry suggested that the human homolog
splicing of these transcripts is apparently normal whenof Hub1 (UBL5) may be present within an intermediate
hub1-4 is grown at 25C. The loss of hub1 activity thusform of the spliceosome [8]. We found further evidence
results in a reduction of splicing efficiency for a varietyfor a role of hub1 in splicing from synthetic phenotypes
of genes (Figure 3A). This becomes apparent as soon asobserved between hub1-4 and other splicing mutants.
1 hr after shifting to the restrictive temperature (bottomThe prp8 gene encodes a member of the DEAH-box
panels, compare lanes 5 and 6). As seen for hub1-4,family of RNA-dependent helicases and is required for
unspliced transcripts also accumulate in cells express-pre-mRNA splicing. prp8-1 is a temperature-sensitive
ing hub1 from the nmt81 promoter, after the addition ofallele that confers a G2 arrest at the restrictive tempera-
thiamine to the medium (Figure 3B, compare lanes 9ture [11, 12]. The double mutant prp8-1hub1-4 showed
and 10). Although the defects in splicing of the abovea reduced restrictive temperature (Figure 2C, top), sug-
genes are not as severe as seen in the mutant prp2-1gesting that splicing was compromised to a greater de-
(Figure 3B, lane 8 and data not shown), the extent ofgree than in either of the single mutants. A similar syn-
the splicing defect seen in individual mutants may notthetic effect was observed between the cdc5-120 and
reflect the strength of the requirement for these gene
hub1-4 alleles (Figure 2C, bottom). Cdc5 is essential
products in the wild-type cell. Also, certain genes, such
for pre-mRNA splicing and is found in a large snRNP- as cut6 (Figure 3C), seem to be affected to a greater
containing complex [13, 14]. These data further support extent than others. A significant amount of unspliced
the hypothesis that hub1 has a role in pre-mRNA cut6 was identified in samples prepared from hub1-4
splicing. cells even at the permissive temperature (lane 9). Taken
The possible role of Hub1 in pre-mRNA splicing was together, these data indicate that there are global de-
tested directly by askingwhether cells lacking functional fects in splicing in cells lacking functional hub1 and that
hub1 accumulate nonspliced transcripts. In hub1-4 cells some genes are affected to a greater extent than others.
at the restrictive temperature, the RT-PCR procedure The defects are not restricted to genes involved in cell
produced cDNA species of a size equivalent to the un- cycle regulation, as nonessential genes such as pus1
are also affected.spliced transcripts of the pus1, sec13, rpa43, and rad24
Current Biology
2286
Figure 3. hub1 Function Is Required for Effi-
cient Pre-mRNA Splicing
(A) RNA was prepared from the hub1-4 mu-
tant and wild-type cells that had been grown
at 25C or 36C for 8 hr (top panels) or for
1, 2, and 8 hr (bottom panels). cDNA was
prepared and used as the template in PCR
reactions with oligonucleotides complemen-
tary to various genes as indicated. The oligo-
nucleotides were designed so that both
spliced and unspliced versions of each gene
could be detected. The PCR products corre-
sponding to the mature (spliced) and (precur-
sor) unspliced message are marked with M
and an asterisk, respectively. The band below
the one marked with an asterisk in the rad24
reaction is a nonspecific product. Negative
control reactions were carried out using sub-
strate prepared from reactions carried out
without reverse transcriptase (RT).
(B) RT-PCR reactions were carried out as in
(A) but using cDNA made from RNA isolated
from the nmt81hubl strain grown in the pres-
ence of thiamine for 18 hr. RNA was also pre-
pared from the prp2-1 mutant grown at 25C
or 36C for 12 hr.
(C) RT-PCR reactions were carried out as in
(A) using RNA prepared from either a wild-
type strain or the prp2-1 and hub1-4mutants
grown as described above.
We further investigated the relationship between is the correct subcellular targeting of the splicing factor
Snu66.Hub1 and Snu66 by examining the subcellular localiza-
tion of Snu66 in cells lacking functional Hub1. Indirect In this study, we have characterized the hub1 gene
in fission yeast and have shown that loss of Hub1 resultsimmunofluoresence was used to visualize Snu66 in cells
where the genomic copy of snu66 had been tagged with in defects in cell cycle progression and pre-mRNA splic-
ing. A number of studies have identified mutations that13 copies of the myc epitope. These cells are wild-type
in growth and appearance (data not shown). Consistent also result in dual splicing and cell cycle defects [11–16].
Defects in pre-mRNA splicing factors presumably resultwith its role in splicing, we found that SpSnu66 is local-
ized to the nucleus (Figure 4A). Strikingly, in nmt81hub1 in cell cycle arrest because certain key cell cycle factors
have introns, and a reduction in splicing efficiency re-snu66-myc cells grown in the presence of thiamine, this
pattern of staining was severely disrupted. The Snu66 sults in reduced levels of the corresponding proteins,
leading to a block in cell cycle progression. In S. pombe,signal was foundpredominantly in the cytoplasm (Figure
4D), whereas in cells grown in the absence of thiamine, it is difficult to assign cell cycle defects in splicing mu-
tants to inefficient splicing of a particular gene, as ap-which are phenotypically comparable to wild-type, the
signal was nuclear (Figure 4C). A similar delocalization proximately 45% of genes have introns.
At the molecular level, we find that Hub1 interactswas observed in the hub1-4 allele when shifted to the
restrictive temperature (Figure 4F), whereas the localiza- with a specific component of the U4.U6/U5 tri-snRNP,
Snu66, and that this interaction is conserved evolution-tion of Snu66 in hub1-4 at 25C was nuclear (Figure 4E).
To test whether loss of Hub1 results in the redistribu- arily. Overexpression of Snu66 suppresses the lethality
of the hub1-4mutant. The simplest interpretation of thistion of other splicing factors, we examined the localiza-
tion of Cdc5. Previously, Cdc5 has been shown to local- suppression is that elevated levels of Snu66 drive its
associationwithmutant Hub1, resulting in enough incor-ize to the nucleus [13], and this pattern of localization
was observed in a hub1-4 cdc5-myc strain grown at poration of Snu66 into spliceosomes to support cell
growth. This interpretation would imply that failing toeither 25C or 36C. Thus, not all splicing factors are
mislocalized in the hub1-4 strain. Furthermore, Prp3, mediate proper localization of Snu66 is the only lethal
effect of the hub1-4 mutation. However, if nuclear tar-another tri-snRNP component, appears to be nuclear in
the hub1-4 background at both 25C and 36C (Figures geting were the only role of Hub1, addition of an exoge-
nous NLS to Snu66 might rescue cells lacking hub14I and 4J). The levels of Snu66 do not appear to change
in the hub1-4 background (Figure S3), indicating that activity. Two versions of Snu66 tagged with an NLS at
either the N terminus or C terminus were tested for theirthe cytoplasmic signal is not due to background stain-
ing. This role for Hub1 in controlling the nuclear localiza- ability to rescue both a hub1 null and hub1-4 strain.
Neither version of Snu66 was able to rescue these mu-tion of Snu66 is evolutionarily conserved, as shown by
the loss of nuclear localization of Snu66 in the hub1 null tants (data not shown), implying that the Hub1-Snu66
interaction does not serve simply to localize Snu66 inmutant of S. cerevisiae (Figure S4). These data suggest
that a role for Hub1 in both S. pombe and S. cerevisiae the nucleus. Thus, the nuclear localization of Snu66 is
S. pombe hub1 Is Required for Pre-mRNA Splicing
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Figure 4. Loss of hub1 Results in the Mislo-
calization of Snu66
Indirect immunofluoresence was carried out
on cells that had been fixed with formalde-
hyde. The snu66, cdc5, and prp3 genes are
fused to 13 copies of the myc epitope at their
C termini. Cells were stained with antibodies
to the myc epitope (left) or DAPI (middle) and
the resulting images merged (right). The ge-
notypes and growth conditions were as indi-
cated on the right side of the panels. The
scale bars equal 10 m.
dependent on Hub1 function, but the Hub1-Snu66 inter- components as well as 58 newly identified proteins, but
did not identify Ubl5 [18]. Purification of the yeast U4.U6/action does not function solely to effect nuclear localiza-
tion. The hub1-4mutant displaysdefects in splicing after U5 tri-snRNP, including Snu66, have not identified Hub1
[6, 7]. One possibility is that Hub1 mediates some ofjust 1 hr at the restrictive temperature (Figure 3A). At
this point, however, Snu66 is still concentrated in the the rearrangements that take place during spliceosome
formation and that it does so via its interaction withnucleus (data not shown), and so the earliest defect in
splicing may not be due to the cytoplasmic mislocaliza- Snu66. It is possible that Hub1 affects the tri-snRNP
stability via its associations with Snu66, but this seemstion that is observed at later time points.
Is Hub1 a component of the spliceosome? One study unlikely, as immunodepletion of the human homolog of
Snu66 did not result in destabilization of the tri-snRNPfound that the human homolog of Hub1 copurified with
an intermediary splicing complex, B*, which is poised [19]. Furthermore, we have found that after 1 hr at the
restrictive temperature in the hub1-4 mutant, Snu66 isto catalyze splicing [8], and another has found that Ubl5
is part of spliceosomal complex B just prior to activation still associated with the U4, U5, and U6 snRNAs, sug-
gesting that the tri-snRNP is still intact (data not shown).but after incorporation of the tri-snRNP [17]. However,
in another report, functional, human spliceosomes were Previous studies in budding yeast have found that, in
a similar manner to many ubiquitin-like proteins, Hub1isolated that comprised all previously known splicing
Current Biology
2288
U4/U6.U5 small nuclear ribonucleoprotein particle and identifi-is present, in part, in complexes that are electrophoreti-
cation of its proteins. Proc. Natl. Acad. Sci. USA 96, 7226–7231.cally retarded on SDS-polyacrylamide gels [1, 5]. The
8. Makarov, E.M., Makarova, O.V., Urlaub, H., Gentzel, M., Will,high molecular weight species have been alternatively
C.L., Wilm, M., and Luhrmann, R. (2002). Small nuclear ribo-
hypothesized to be covalent in nature [1], by analogy to nucleoprotein remodeling during catalytic activation of the
ubiquitin-protein conjugates, or of a novel SDS-resistant spliceosome. Science 298, 2205–2208.
9. van Nues, R.W., and Beggs, J.D. (2001). Functional contactsnoncovalent nature [5]. The present study does not dis-
with a range of splicing proteins suggest a central role for Brr2ptinguish between these models, because we have so
in the dynamic control of the order of events in spliceosomesfar not found evidence of high molecular weight Hub1
of Saccharomyces cerevisiae. Genetics 157, 1451–1467.adducts associated with its role in pre-mRNA splicing.
10. Stevens, S.W., Barta, I., Ge, H.Y., Moore, R.E., Young, M.K.,
In particular, we have not found evidence of covalent Lee, T.D., and Abelson, J. (2001). Biochemical and genetic anal-
modification of Snu66 by Hub1 (C.R.M.W., unpublished yses of the U5, U6, and U4/U6 x U5 small nuclear ribonucleo-
proteins from Saccharomyces cerevisiae. RNA 7, 1543–1553.data). Given the ability of C-terminally truncated Hub1
11. Lundgren, K., Allan, S., Urushiyama, S., Tani, T., Ohshima, Y.,to complement the lethal phenotype of the hub1 null
Frendewey, D., and Beach, D. (1996). A connection betweenmutant, it is most likely that the role of Hub1 in pre-
pre-mRNA splicing and the cell cycle in fission yeast: cdc28mRNA splicing does not involve C-terminal conjugation.
is allelic with prp8 and encodes an RNA-dependent ATPase/
In summary, we have provided the first evidence that helicase. Mol. Biol. Cell 7, 1083–1094.
hub1 and snu66 are essential eukaryotic genes that are 12. Urushiyama, S., Tani, T., and Ohshima, Y. (1996). Isolation of
novel pre-mRNA splicing mutants of Schizosaccharomycesrequired for pre-mRNA splicing. An important and con-
pombe. Mol. Gen. Genet. 253, 118–127.served role for Hub1 is the correct subcellular localiza-
13. McDonald, W.H., Ohi, R., Smelkova, N., Frendewey, D., andtion of Snu66, although our data suggest that Hub1 is
Gould, K.L. (1999). Myb-related fission yeast Cdc5p is a compo-likely to perform other roles in splicing as well.
nent of a 40S snRNP-containing complex and is essential for
pre-mRNA splicing. Mol. Cell. Biol. 19, 5352–5362.
Supplemental Data 14. Ohi, R., McCollum, D., Hirani, B., Den Haese, G.J., Zhang, X.,
Detailed Experimental Procedures, as well as several Supplemental Burke, J.D., Turner, K., and Gould, K.L. (1994). The Schizosac-
Figures and a Supplemental Table, are available online at http:// charomyces pombe cdc5 gene encodes an essential protein
www.current-biology.com/cgi/content/full/14/24/2283/DC1/. with homology to c-Myb. EMBO J. 13, 471–483.
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